Previous studies have shown that populations of multiapartment buildings with indoor transformer stations may serve as a basis for improved epidemiological studies on the relationship between childhood leukaemia and extremely-low-frequency (ELF) magnetic fields (MFs). This study investigated whether classification based on structural characteristics of the transformer stations would improve ELF MF exposure assessment. The data included MF measurements in apartments directly above transformer stations (''exposed'' apartments) in 30 buildings in Finland, and reference apartments in the same buildings. Transformer structural characteristics (type and location of low-voltage conductors) were used to classify exposed apartments into high-exposure (HE) and intermediate-exposure (IE) categories. An exposure gradient was observed: both the time-average MF and time above a threshold (0.4 mT) were highest in the HE apartments and lowest in the reference apartments, showing a statistically significant trend. The differences between HE and IE apartments, however, were not statistically significant. A simulation exercise showed that the threecategory classification did not perform better than a two-category classification (exposed and reference apartments) in detecting the existence of an increased risk. However, data on the structural characteristics of transformers is potentially useful for evaluating exposure-response relationship.
INTRODUCTION
The International Agency for Research on Cancer classified extremely-low-frequency (ELF) magnetic fields (MFs) as ''possibly carcinogenic in humans'' (Class 2B) 1 based mainly on the association observed in the two pooled analyses between childhood leukaemia and ELF MFs of 0.3-0.4 mT and above. 2, 3 Further scientific enquiry in this field has included both experimental studies attempting to identify mechanisms for carcinogenic effects of ELF MFs, 4, 5 and further epidemiological studies. Although the results of epidemiological studies, including those of recent studies, 6, 7 have been rather consistent, a causal relationship is not the only possible explanation. Selection bias might explain at least part of the findings. 1, 8 Low number of highly exposed subjects has been an important limitation in all studies on childhood leukaemia; the prevalence of exposure 40.4 mT varied between 0.2% and 4.1%. 9 Further epidemiological studies can reduce the current uncertainties only if they are based on large groups of individuals with sufficiently high exposure levels and if the potential for selection bias and confounding can be excluded or minimized.
Placement of indoor transformers in multilevel apartment buildings may offer an opportunity for designing epidemiological studies that avoid selection bias, minimize confounding factors and include people exposed to relatively strong MFs. 10 Studies in several countries 10, [11] [12] [13] [14] have shown that apartments located directly above transformer stations commonly have exposures exceeding 0.4 mT and that the known location of transformer stations allows classifying apartments into ''exposed'' and ''nonexposed'' categories with reasonably low level of exposure misclassification. These findings support a straightforward epidemiological study design using a two-category classification of exposure based on whether or not a subject lives directly above a transformer station. Assessing exposure solely based on the presence of a transformer station is an essential feature of the planned epidemiological studies, as participation bias (a main source of selection bias) can be avoided, if there is no need to visit the apartments or contact the residents. Although the previous studies have shown the feasibility of this approach, information on the structural characteristics of the transformer stations might allow further reduction of exposure measurement error (misclassification). As the secondary-low-voltage-connection is generally the main source of MFs in a transformer station, 15 the present study aims to determine whether knowledge of the type and location of the transformer secondary conductors can improve assessment of exposure to ELF MFs.
MATERIALS AND METHODS

MF Data
Data for this study were obtained from MF measurements carried out in 88 apartments in 30 buildings in three Finnish cities. Detailed account of the sampling and measurement procedures are available elsewhere. 10 Briefly, the buildings were selected so that there was a transformer station in each of them. In each building, measurements were performed in one apartment directly above the transformer station, in one random apartment on the first floor (but not above the transformer station) and in one random apartment on the upper floors of the building. All measurements were performed using an Emdex Lite meter (Enertech Consultants, Campbell, CA, USA). In each apartment, a 24-h MF recording was performed in a fixed position in the parents' bedroom (relevant to exposure in early childhood) and five instantaneous spot measurements were taken in each room. As the MFs were characterized both spatially (spot measurements) and temporally (24-h recordings in a fixed point), it was possible to calculate an estimate of the 24-h exposure for the whole apartment. This was done as described by Ilonen et al. 10 by correcting the 24-h data of an apartment by the ratio of the mean of spot measurements to the mean of the first 30 min of the 24-h recording (the first 30 min represents average MF in the location of the recording meter at the time the spot measurements were performed). The exposure metrics calculated from the data were (1) 24-h time-average MF level; and (2) time spent in MFs of Z0.4 mT. The 0.4 mT threshold for the latter exposure metric was chosen, because pooled analysis of previous epidemiological studies suggested that the risk of childhood leukaemia might be associated with exposures exceeding this value. According to this categorization, the potential for causing high MFs is highest for U1, second highest for U2, lowest for D and intermediate for the categories U3, M1, M2 and M3. The 30 transformer stations included in our sample were classified according to this system. However, some of these categories (U3 and M3) were absent from the sample. Also, the TransCat classification has too many categories for an epidemiological study, as the number of cases in each category would be small and risk estimates would therefore be unstable. For these reasons, a simplified classification was used in the present study. Apartments located directly above transformer types U1 and U2 were considered as the ''highexposure'' (HE) category, whereas apartments directly above all other transformer configurations were lumped in the ''intermediate-exposure'' (IE) category. As apartments located at the first floor but not directly above a transformer station were found to have slightly higher MF levels than apartments at higher floors in an earlier analysis, 10 these first floor apartments were excluded from the present analysis (but might be included in the final epidemiological study as a ''low-or intermediateexposure'' category). Apartments at higher floors were used as the reference category representing background MF exposure level.
Data Analysis
For cross-tabulations with the transformer categories, both MF exposure metrics were classified into three exposure categories. For the 24-h average field, 0.2 and 0.4 mT were used as the cut-off values between the three exposure categories. These values were selected, as they are the cutoffs that have been most often used in epidemiological studies. For the percent timeZ0.4 mT, 50% was used as the higher cut-off, as this closely corresponds to a time-average exposure of 0.4 mT. The lower cut-off for the percent timeZ0.4 mT was chosen as 1%, as this metric was o1% in most (90%) of the reference apartments. Analysis of variance (ANOVA) was performed using the GraphPad Prism 4.0 software (GraphPad Software) to evaluate the differences between the transformer categories. Because of the log-normal distribution of the data, logarithms of the 24-h average fields were used in ANOVA. The post tests included linear test for trend as well as Tukey's test for differences between the three categories. For the percent timeZ0.4 mT, the distribution was not normal or log-normal, and hence the non-parametric Kruskal-Wallis test was used with Dunn's test as the post test for comparing individual groups.
Possible outcome scenarios for comparing the performance of the twocategory and three-category classifications were also explored using simulated epidemiological data. The simulated data were produced under the following assumptions:
The number of residences above transformers in Finland is 2000. 17 The expected number of cases per apartment-from the background cancer risk without MF exposure-is 0.005. (This was arbitrarily selected to adjust the number of cases to a suitable level that would allow both statistically significant and non-significant findings depending on other simulation parameters. For childhood leukaemia, the number of expected cases would be lower than this even when taking into account all families who have lived in the apartments during the period the transformer stations remained in place. For many other cancers, the expected number would be equal to or higher than this.) Increased risk of cancer is associated with time-average fields of Z0.4 mT, and fields below this value do not increase the risk. The proportion of the HE category apartments with average field of Z0.4 mT is 0.714 (or 15/21 as observed in the present study). The proportion of the IE category apartments with field average of Z0.4 mT is 0.444 (or 4/9 as observed in the present study). The proportion of reference apartments with field average of Z0.4 mT is 0.033 (or 1/30 as observed in the present study).
Based on these assumptions, the number of expected cases was calculated in an Excel file for each category of apartments. Various scenarios for assumed true relative risk from 2.0 to 3.0 and for the ratio of HE to IE apartments from 7:3 (as observed in the present study) to 4:6 were explored. The simulated data were analysed using a case-control study design with four controls per case. The odds ratios and 95% confidence intervals (CIs) were calculated using GraphPad Prism. The w 2 test for trend was used to assess the presence of a linear trend.
RESULTS
Of the total of 30 apartments above transformer stations, 21 apartments were in the HE category and 9 in the IE category. MF distributions were clearly different in the three categories of apartments (Figure 1 ), but there appeared to be less difference between the HE and IE apartments than between these two categories and the reference apartments. The ranges (minimum-maximum) of 24-h average values observed in the HE, IE and reference apartments were 0.17-1.55, 0.20-0.90 and 0.02-0.7 mT, respectively. A 24-h average MF of o0.2 mT was observed in only one of the HE apartment and in none of the IE apartments, whereas this value was exceeded in only 2 of the 30 reference apartments. Although high local values were detected in the spot measurements (up to 13.4 mT in apartments above transformer stations and up to 1.3 mT in reference apartments), 10 the apartment means of spot measurements were close to the 24-h average values.
More data on the differences between the three categories of apartments are reported in Table 1 . In the HE category, both mean and median of the 24-h time-average field were 40.4 mT, and time-average field of 0.4 mT was exceeded in 15 (71%) of the 21 apartments. In the IE category, the mean but not the median of the 24-h average field exceeded 0.4 mT, and 4 (44%) of the 9 apartments had 24-h average fields of 40.4 mT. In the reference apartments, the 24-h average field was o0.2 mT in 27 (90%) cases, and 0.4 mT was exceeded in only 1 (3%) apartment. Also, the proportion of time Z0.4 mT differed clearly between the categories but less so between the HE and IE categories than between these two and the reference apartments. In the reference apartments, the proportion of time 40.4 mT was in most cases zero, and 1% was exceeded in only 3 (10%) of the 30 apartments, whereas 1% was exceeded in 29 (97%) of the 30 HE and IE category departments. In the HE category, proportion of time 40.4 mT was 450% in 15 (71%) apartments, whereas it was between 1% and 50% in 5 (56%) of the IE apartments. ANOVA of the 24-h average fields (logarithmic values) showed a statistically highly significant difference between the three groups (Po0.0001), and post tests revealed a clear trend over the groups (Po0.0001). The R 2 value for the linear trend was 0.60, indicating that B60% of the variation in the 24-average is explained by the trend from the reference apartments to the HE apartments. There was no statistically significant difference between the HE and IE groups, whereas the reference category was significantly different from both the HE group (Po0.001) and the IE group (Po0.001). This result was similar independent of what post test (Bonferroni, Newman-Keuls or Tukey) was used for comparing the individual groups with each other. Differences in the time 40.4 mT were evaluated with the Kruskal-Wallis test because of the non-normal distribution of the values. The results were similar to the ANOVA results: the overall difference between groups was significant at Po0.0001, there was no significant difference between the HE and IE groups, and the reference group differed significantly from both the HE group (Po0.001) and the IE group (Po0.01).
The results of the simulation exercise showed that the threecategory classification generally resulted in broader CIs, and the two-category classification therefore performed better in detecting the existence of an increased risk. This is illustrated in Figure 2 , where the lower limit of the 95% CI was in all cases higher in the two-category classification than in the HE class of the threecategory classification, indicating higher tendency towards statistical significance, or higher certainty in excluding a null effect. In some borderline cases, the two-category classification would have detected an effect (lower limit of the CI above 1.0), whereas the three-category classification would have resulted in a non-significant finding. The difference between the HE category of the three-category classification from the two-category classification was smallest when the number of apartments in HE category was assumed to be high in comparison with the IE category (which was the case in the limited sample of buildings included in this study). This difference became larger, and the overall performance of the three-category classification became poorer, when the number of apartments in the IE category was assumed to be higher than in the HE category (see lower right corner of Figure 2 ). The analysis illustrated in Figure 2 , however, does not take into account the possibility of using a test for trend in the three-category classification. When the w 2 test for linear trend was taken into account, the two-and three-category classifications performed equally in detecting a statistically significant effect: the P-value of the trend test was o0.05 in all cases when the lower limit of the 95% CI was 41.0 in the two-category classification. This is shown for three selected cases in Table 2 .
DISCUSSION
An exposure gradient between the three exposure categories was observed in the present study, indicating that information on the structural characteristics of transformer stations can be used for estimating level of MF exposure. It should be noted that no personal exposure measurements were done; the estimated 24-h exposure was based on instantaneous spot measurements taken in each room and a 24-h MF recording performed in a fixed position. The resulting exposure misclassification could be considerable for adults who may have occupational MF exposures, but probably less important for children, whose exposure is mostly determined by the MF level at home. Furthermore, average of home spot measurements has been shown to be a good estimate of personal 24-h exposure even in adults. 18 In the simulation exercise, an arbitrary assumption of 0.005 cases per apartment was used as the background risk without MF exposure, corresponding to a total of 10 expected cases in Finnish apartments above transformer stations. The expected number is equal or higher than this for many adult cancers and other diseases that might be of interest in epidemiological studies on health risks of ELF MFs. For childhood leukaemia, the actual expected number is 3, if it is possible to include all families who have lived in the apartments during the period the transformer stations remained in place. However, the results may be useful for the plan to pool data from several countries in the International Study of Childhood Leukemia and Residences near Electrical Transformer Rooms (TransExpo), if a similar structural classification of transformer stations is possible in more than one country.
A study carried out in Israel classified transformer stations according to the location of the secondary conductors either separated and near the ceiling (''upper feed'' (UF)), or bundled together and near the floor (''low feed'' (LF)) of the transformer room. 12 The average MF spot measurements was 0.4 mT in UF Abbreviations: IQR, interquartile range; SEM, standard error of the mean.
Indoor transformers and magnetic fields Okokon et al apartments and only 0.14 in LF apartments (only slightly higher than the levels of 0.06-0.12 mT found in other apartments of the same buildings), and the authors concluded that LF apartments cannot be reliably classified as ''highly exposed''. It should be noted that the sample size of the LF category was small in the Israeli study, consisting of only three apartments. The results of both the Israeli and the current study similarly show that MFs above a transformer station depend on the type and location of the low-voltage conductors. However, in our study, all apartments above transformer stations differed clearly from the reference apartments (with mean MF of 0.1 mT), and the contrast between the two transformer categories was relatively small (mean MF 0.61 mT in HE vs 0.43 mT in IE apartments). It is of interest to note that the mean MF level in our IE category was about the same as the level found in the UF category of the Israeli study. These dissimilarities between the two studies most likely reflect differences in the construction practices of the transformer stations. The results of the present study are not necessarily valid in other countries, and studies on the impact of transformer structure on residential MF level would be needed in each country, if information on transformer characteristics is planned to be used for exposure assessment in epidemiological studies. Each apartment was measured only once, and hence the study did not address MF variability over time. As consumption of electric power differs between weekdays and weekends, all measurements were performed during weekdays to increase the comparability of the results. Electric heating is not commonly used in apartment buildings in Finnish cities, and hence seasonal variations in the use of electricity are not large. Nevertheless, all measurements were conducted in the same season between February and May, and comparability between the transformer categories is further enhanced by the fact that measurements in the same building (including both an apartment above a transformer station and the reference apartment) were done within 2 days, and measurements in each city (the 30 buildings were in three cities) were done within a short period of a couple of weeks.
The technology used in transformer stations keeps changing, and stations built in recent years are generally of types that generate relatively weak MFs. However, as shown by the sample measured in the present study, transformer stations of the HE type are still common. An epidemiological study on childhood leukaemia would need data of cases that have occurred during the past decades, and hence historical exposure should be estimated. It will therefore be important to obtain (from electric utilities) data on any structural changes in the transformer stations; knowing the current transformer configuration may not be relevant for historical exposure. The w 2 test for trend for the three-category exposure classification.
As discussed in previous papers, [18] [19] [20] [21] we do not know what characteristics of MFs are important for their biological effects and, consequently, which exposure metric would be the most relevant for studies on health effects. Two exposure metrics were considered in the present study. Time-weighted average MF has been used in most epidemiological studies, and it corresponds to the assumption that the exposure-response relationship is linear or otherwise monotonically rising. The other exposure metric used, time above a threshold, may be a relevant exposure metric, if the exposure-response relationship has a plateau above a threshold, as suggested by some biological experiments. 22, 23 The results of epidemiological studies on childhood leukaemia suggest a possible threshold at B0.3-0.4 mT, 2,3,24 but high exposures are very rare, and hence these studies are not informative concerning the shape of the exposure-response relationship above the threshold. The analysis of exposure-response models by Kheifets et al. 25 suggests that superlinear responses fit the data better than a linear no-threshold response, and that logistic (sigmoidal) functions generally perform better than linear models. Anyway, the results of the present study show that the transformer-based classification performs well in predicting both time-weighted average MF and time above the MF threshold.
The aim of the present study was to determine whether information about structural characteristics of transformer stations helps to improve exposure assessment. The results do not support the conclusion that a classification based on transformer configuration would unambiguously result in improved exposure assessment. The differences in MF levels between the HE and IE categories were not statistically significant, and the simulation exercise demonstrated that the three-category classification did not have a higher power than the two-category classification in detecting a significant effect. Therefore, the three-category classification confers no additional advantage for showing an association between MF exposure and disease. As detecting the existence of a possible effect is of major interest in epidemiological studies, we can recommend using a simple two-category classification, if no data on transformer configurations are available. However, observing a dose-response relationship is one of the criteria generally used in evaluating causality in epidemiological studies. The results of the present study showed that some information about MF exposure level can be captured based on the type and location of low-voltage conductors (although the differences between the HE and IE categories were not statistically significant in the post test of ANOVA, there was a highly significant trend over the categories). As this kind of exposure gradient is potentially useful for addressing exposure-response relationship, using information about the structural characteristics of transformers is recommended whenever such data are available.
